The molecular events of membrane translocation and insertion have been investigated using a number of different model proteins. Each of these proteins has specific features that allow interaction with the membrane components which ensure that the proteins reach their specific local destination and final conformation. This review will give an overview on the best-characterized proteins studied in the bacterial system and emphasize the distinct aspects of the pathways. D
Translocases and insertases (Introduction)
The bacterial cytoplasmic membrane is equipped with an amazing number and variety of proteins involved in important enzymatic processes. It has been estimated that one bacterial cell has 5 Â 10 5 protein molecules in its inner membrane that are embedded in a bilayer of 2 Â 10 7 lipid molecules. Since most proteins span the membrane multiple times, the proteins and lipids roughly cover equal surface of the membrane [1] .
Considering the importance of membrane protein structure and topology, it is understandable that the bacterial cell has developed a number of enzymatic systems that are dedicated to controlling the insertion and folding of newly synthesized membrane proteins. In recent years, the Sec translocase has been extensively characterized (see Chapter A6), mainly in its role for exported proteins, but also many membrane proteins, in particular those containing larger hydrophilic domains in the periplasm, have been described to use this enzyme complex (see Chapter A3). Only very few proteins have been described that use the Tat translocase, a system that is able to translocate a folded protein chain (see Chapter B1). Very recently, a new component has been identified in E. coli, YidC, which helps newly synthesized proteins to fold into the membrane layer.
The translocases catalyze the transfer of hydrophilic protein regions across the membrane. This process is initiated by binding of the translocase to a hydrophobic region, often called a signal sequence. The Sec components then catalyze the translocation of the adjacent hydrophilic domain across the membrane. In contrast, membrane insertases interact with hydrophobic regions of a newly synthesized protein and catalyze their folding into transmembrane domains. To unravel the mechanism how these systems operate, model proteins have been used that address specific aspects of each of these systems.
One attractive approach to understanding cellular processes is based on reconstituted systems, where the function of purified components can be investigated down to the molecular details. With the transport systems discussed here, these reconstituted systems involve the lipid bilayer, the purified transport system and a purified substrate protein. Proteoliposomes generated for this purpose provide an excellent experimental tool. However, they may not always be identical to the biological membrane, in particular in terms of lipid packing and bilayer asymmetry.
To study the essential features that enables proteins to insert into the membrane, model proteins have been characterized with a wide variety of sequence variations. These investigations allow scientists to explore the limits of insertion of Sec-independent proteins.
Fusion proteins led to the discovery of sec genes
The identification of the components of protein translocases in E. coli was initiated with genetic methods, using a hybrid protein (the MalE -LacZ fusion protein) that was conditionally expressed in media supplemented with maltose. Since the translocation of this fusion protein was toxic to the cell, survivors were selected. Genetic analysis of these mutants led to the discovery of the sec (secretion) genes, including secA [2] , secB [3] , and secD [4] . This very elegant approach set the stage to identify all the molecular components of the Sec translocase (see Chapter A6).
ProOmpA, the model protein of the Sec translocase
The mechanistic aspects of the translocases were revealed with biochemical techniques. ProOmpA, the precursor of outer protein A from E. coli, was purified and added to inverted membrane vesicles. First, proOmpA was purified in small amounts, as a radioactively labelled protein and shown to translocate into the vesicles [5] . Later, proOmpA was purified in larger amounts and translocation was detected via the protease resistant mature and proOmpA forms on silver stained gels [6] . The key lessons learned from proOmpA was that membrane translocation occurs in small steps and requires ATP [7] . This stepwise mode of translocation was also observed with reconstituted proteoliposomes containing purified SecA, SecY, and SecE [8] . Cross-linking studies revealed that SecY and SecA are the components which interact with short segments of the translocation substrate comprising four hydrophobic amino acid residues within the mature region of OmpA. Such binding sites may exist about every 30 residues along the mature protein chain allowing a linear movement of the hydrophilic protein region (Fig. 1a ).
The proOmpA protein was modified with cysteines to show that folding prevents export. Under oxidized conditions, small loops are generated, by the oxidation of two closely spaced cysteines that were translocated normally [9, 10] . However, larger loops inhibited Sec-dependent translocation [11] . In a similar experiment, a hexahistidine tag was placed at various positions along the proOmpA chain and translocation was analyzed. The results showed that translocation was inhibited in the presence of Ni 2 + when the tag was placed within the first 20 residues within the mature region [12] . Previously, it had been shown that a charge cluster introduced within the first 15 residues of the OmpA sequence strongly inhibited translocation, whereas it had no effect after position 22 [13] . The sensitivity of the amino terminal sequence of the mature protein to mutational alterations suggests that only defined protein regions allow the initiation of the translocation process.
Signal peptides
Proteins destined for extracytoplasmic locations in E. coli typically require an amino-terminal signal peptide that is cleaved off after translocation. In contrast, most integral proteins are not synthesized with a cleavable signal peptide and the information for integration into the membrane is within their hydrophobic domains. Some integral membrane proteins, however, are synthesized with an amino-terminal cleavable signal peptide. These proteins are distinguished from the secretory proteins by containing additional hydrophobic sequences termed ''stop-transfer'' sequences [14, 15] that anchor the protein in the membrane. A stop-transfer sequence usually consists of a hydrophobic segment of at least 20 amino acid residues, which allows for stable membrane integration of the protein. Deletion of this sequence can convert a transmembrane protein into a secretory protein [16, 17] . On the other hand, a secretory protein can also be converted into an integral membrane protein by the addition of a stop-transfer sequence [18] . Although signal peptides share little primary sequence homology, they do share certain properties. A typical E. coli signal peptide consists of a positively charged amino-terminal region, a central hydrophobic core, and a polar carboxyl-terminal region containing the leader peptidase recognition site [19] . An extensive number of mutants in the signal peptides of maltose binding protein, M13 procoat and PhoE have been collected that show that the determinants for leader peptidase cleavage are localized in the C-terminal region of the signal peptide at the À 1 and À 3 positions (relative to the cleavage site). Based on PhoA signal sequence mutants, Rusch et al. [20] most thoroughly investigated the fundamental properties of signal peptides. Both in vitro and in vivo experiments have shown that most signal peptides require a minimum level of hydrophobicity for efficient protein transport [21, 22] . When the signal is highly hydrophobic the amino-terminal charge has little or no impact on the transport efficiency [23, 24] . Yet for those signal peptides that are less hydrophobic, the amino-terminal charge plays a significant role in the translocation activity [24, 25] . SecA has been shown to interact with preproteins [26 -28] . Recently, it was demonstrated that the signal peptide region alone can bind to SecA and stimulate the SecA ATPase activity [29, 30] .
Interestingly, most prokaryotic membrane proteins are synthesized without a signal sequence (M13 coat protein being an exception), in contrast to eukaryotic membrane proteins. The amino-terminus of most bacterial proteins is either located in the cytoplasm (transporters, permeases, sensor proteins) or in the periplasm where the aminoterminal region is very short (leader peptidase, Fig. 1b ). One exception is ProW, which has an N-terminal periplasmic tail of 100 residues [31] . This observation stimulated a detailed study of how the N-tail of ProW is translocated. Whitley et al. [31] reported that translocation of the N-tail of ProW is SecA-independent. A Sec-independent mechanism was also shown for the translocation of the amino-terminal region of leader peptidase [32] . This was demonstrated with a mutant of leader peptidase that has an extended N-terminal tail. The membrane potential promotes translocation, but only when negatively charged residues are present within the N-terminal tail [33] . When these residues are substituted by uncharged amino acids, the protein inserts into the membrane independently of the membrane potential. In contrast, when a positively charged residue is present within the N-terminal tail, the membrane potential prevents translocation of the tail domain. These observations led to the proposal of an electrophoresis-like translocation mechanism [33] in which the electrochemical potential of the membrane is utilized to translocate the charged amino acids flanking the transmembrane segment across the membrane.
Model proteins to study membrane insertion
The major coat proteins of bacteriophage M13 and Pf3 (Fig. 2) were the first and most widely used model proteins in the membrane assembly field. Membrane insertion of the M13 protein was shown to occur by a sequence of defined steps as suggested by the analysis of a collection of different mutants [34 -37] . First, the protein binds electrostatically to the membrane surface [38] , then the hydrophobic regions partition into the lipid bilayer [36] . Next, the hydrophilic loop is translocated across the membrane by the action of the electrochemical membrane potential and YidC [33, 39, 40] . Finally, the inserted protein is cleaved by leader peptidase to release the signal peptide from the mature domain [41] .
Since the M13 coat protein is synthesized in a precursor form with a signal sequence, and the Pf3 protein is made without a signal sequence, the requirement of a signal peptide was tested. With M13-Pf3 hybrid proteins, it was shown that features in the periplasmic region specify the need to have a signal sequence for membrane insertion [42] . In particular, a cluster of three charged residues in this region was only translocated into the periplasm when a signal sequence was present. Therefore, a signal sequence helps in the translocation of the charged adjacent region. Since the translocation of the M13 coat protein occurs independent of the Sec-machinery, the presence of a signal sequence alone does not determine an interaction with the Sec-machinery [42, 43] .
With the procoat protein, it was shown in the early 1980s that its membrane insertion requires the electrochemical membrane potential [44] . In the absence of the potential, the protein binds and partitions into the membrane [38] . The membrane translocation of the periplasmic region is the rate-limiting step as proven by pulse-chase experiments and protease mapping [35] . Interestingly, the need of the membrane potential correlates with the presence of negatively charged residues in the periplasmic region. An uncharged or positively charged region can be translocated without a membrane potential [33, 39, 45] . When the cleavage of procoat is inhibited either by mutation [35] or by depletion of leader peptidase [46] , the protein accumulates as a translocated protein with the central hydrophilic region in the periplasm.
M13 procoat was the first protein that was found to be blocked in its membrane insertion when the newly discovered YidC protein was depleted [47] . In the absence of YidC the procoat protein accumulates in a non-translocated, but membrane-bound form [48] . Therefore, YidC is not involved in binding and membrane partitioning, but functions in the membrane translocation step. This is also the step where the electrochemical membrane potential is involved. The same step in membrane biogenesis was also affected for Pf3 coat protein after YidC depletion. YidC appears to directly contact the coat proteins during membrane insertion, since ribosomebound Pf3 coat derivatives with an extended carboxylterminal region could be cross-linked to YidC using a photoactivatable cross-linker [48] . The YidC protein might facilitate the translocation of the coat proteins by hydrophobic interaction or by shielding the hydrophilic region as it traverses the membrane bilayer. This would require a controlled binding and release of the substrate protein [49] .
Insertion of hydrophobic protein regions into bacterial membranes and lipid bilayers
Liposomes are an attractive model system to study membrane insertion. This approach contends that insertion can be followed with purified components in a controlled manner. The composition of the lipids can be controlled and a transmembrane potential can be generated over a certain time period. Using this approach, a number of studies have been made with signal peptides (see Chapter 7) which show that hydrophobic peptides can integrate into a pure bilayer. Despite the importance of these studies, it remains questionable whether they always reflect the in vivo situation. For example, the packing of the lipid molecules in the Fig. 2 . Sec-independent inner membrane proteins. The membrane topologies of four E. coli Sec-independent inner membrane proteins are shown. Pf3 coat consists of 44 amino acids and contains only one membrane-spanning domain. Its 18-amino-acid-long NH 2 -terminal tail faces the periplasm. The M13 coat protein is synthesized as a 73-amino-acid precursor (termed procoat) and adopts a double-spanning loop structure before it is cleaved by the leader peptidase. The periplasmic region is 20 residues long. The ProW Nt/TM1/3K mutant consists of the first 119 residues of ProW including the long 99-amino-acid N-tail exposed to the periplasm and the first transmembrane segment, followed by an extra methionine and three lysines at the C-terminus. The KdpD protein comprises of 894 amino acid residues organized as two hydrophilic domains that are separated by four closely spaced transmembrane regions. The periplasmic loops of KdpD contain 4 and 10 residues, respectively. bilayer might be different, depending on the size of the liposomes or the osmotic pressure on the cell membrane. In addition, other important cellular components may be omitted that would alter the interactions that a membrane protein would have during assembly in vivo. Therefore, conclusions based on the purified liposome systems for the in vivo process have to be drawn very cautiously.
M13 procoat protein is a very good example to illustrate the relevance of reconstituted systems. Over 20 years ago, it was shown that the procoat protein was inserted into liposomes [50] . Since the liposomes had been generated by dilution from an octylglucoside mixture, it could not be excluded that remaining amounts of detergent were still present. The efficiency of membrane insertion of freshly synthesized and radiolabelled protein was very low (1-5%). In a similar experiment procoat was added to liposomes with trapped chymotrypsin [51] . After insertion, the procoat protein was clipped very efficiently by the internal chymotrypsin. From these results, it was concluded that procoat can insert into liposomes without any other proteins. The reason for the much higher efficiency of membrane insertion by the chymotrypsin trapping technique is unknown.
YidC-mediated membrane insertion
The discovery of YidC as an essential component for M13 procoat and Pf3 coat protein insertion demonstrated that the early liposome experiments did not reflect the in vivo situation. Pulse-chase and protease mapping experiments clearly showed that both proteins accumulate nontranslocated in the YidC-depleted cells, even after a 2-min chase time [47] . M13 procoat mutants lacking a charged residue in the periplasmic domain were also dependent on the presence of YidC. However, they were not blocked for membrane insertion, but kinetically affected. Since the insertion of these mutants is independent of the membrane potential, it was ruled out that the impaired membrane insertion is due to a lower potential of the YidC-depleted cells. Interestingly, a mutant of the Pf3 coat protein, 3L-Pf3, with an extended hydrophobic region (by three additional leucyl residues) was independent of YidC [52] . This suggested that the limiting hydrophobicity of the anchor region in the Pf3 coat protein causes the dependence for YidC.
Using reconstituted proteoliposomes with purified YidC and E. coli phospholipids, chemical amounts of the Pf3 coat protein were inserted within minutes [52] . These experiments suggest that YidC can function as a catalyst and can function on its own, without the Sec translocase components.
This underscores the conclusions made from mitochondria, where the YidC homologue Oxa1 operates without a Sec translocase since mitochondria do not contain a Sec-related component. The mechanism of how YidC might operate was investigated by photochemical cross-linking experiments [48] . Nascent chains of Pf3 coat with an extended C-terminal region were found to interact with YidC but not SecY. In addition, YidC can interact with nascent Pf3 coat proteins even in the absence of the proton motive force. A Pf3 coat mutant which is defective in transmembrane insertion was found to interact with YidC, suggesting that YidC is not important for the partitioning of the hydrophobic domain of Pf3 coat into the membrane, but for the translocation across the membrane [48] . YidC might function as a membrane chaperone to fold the hydrophobic segments into a transmembrane configuration in the lipid bilayer [49] . YidC can directly interact with a Sec-independent membrane protein.
In contrast, a Sec-dependent membrane protein, FtsQ, first contacts SecY and then moves toward YidC when longer chains were synthesized. This was shown using the same photocross-linking methodology [53] . FtsQ is a single-spanning inner membrane protein with a N in -C out topology ( Table 2 ). For Sec-dependent proteins, YidC might interact with the transmembrane segment of the substrate and simply promote its release from SecYEG into the lipid bilayer.
In addition, it has been reported [54] that YidC may interact directly with SecDF rather than SecYEG, which then binds to SecYEG to form a large complex SecYEGDF.
The energy question -is there ''spontaneous'' membrane insertion?
Using the findings of Engelman et al. [55] to determine the standard free energy for the amino acid residues entering the hydrophobic phase, the energy requirement to translocate protein regions across a bilayer can be calculated. According to this, charged residues require much more energy than uncharged hydrophilic residues to translocate across the bilayer. The GES scale summarizes the individual energetic expense for each amino acid residue to enter a hydrophobic environment [55] . In addition, the contribution of the hydrophilic peptide bond within a protein chain to the overall transfer energy requirement can be determined [56] . Table 1 gives the values for the membrane transfer expense [57] as determined using the GES scale for each amino acid and includes in addition the contribution of the peptide bond.
Most periplasmic protein regions contain charged residues and these regions are expected to require a certain amount of energy to translocate across the bilayer. Larger Table 1 Membrane insertion scale (standard free energy kJ/mol) periplasmic regions (more than 100 residues) are translocated by the Sec-translocase, in a SecA-driven process using ATP to power the membrane translocation. Shorter periplasmic loops may cross the membrane with the support of YidC or other yet unknown integral proteins. Whether ''spontaneous'' insertion really occurs for native proteins within intact cells is difficult to answer. The mutant protein 3L-4N-Pf3, which has no charged residue, is a candidate for such a mechanism [57] . It is inserted into the membrane independent of YidC, the Sec proteins and the transmembrane potential. No external energy is required for this protein to insert into the membrane. However, the topology of this mutant protein is about equally N in -C out and N out -C in . No native protein is known so far that shows these features. Therefore, the membrane insertion process might be ''enzymatically'' controlled to ensure a defined topology in the membrane.
Minimum properties of a protein to insert into a membrane
The key property of a protein to insert into the membrane is certainly a hydrophobic sequence of about 20 amino acid residues. Assuming an alpha-helical conformation, the 20 residues can form an alpha-helical protein chain of 3.0 nm in length. This corresponds to the diameter of the hydrophobic core of a membrane [58] . Interestingly, some studies have been conducted to determine the minimal length of a hydrophobic anchor. Deletions in the anchor region of the gp3 protein of M13 showed that 16 residues were sufficient to fulfill anchoring [59] . Similarly, in M13 procoat studies, deletions were made within the anchor region such that the length was only 13 hydrophobic residues and this protein was found to still insert into the membrane [45] . These results suggest that a short hydrophobic core region that is not long enough to span the apolar core region of the bilayer allows membrane anchoring. Presumably, the flanking hydrophilic residues can extend the alpha helix and be localized in the more hydrophilic glycerol region of the lipid bilayer.
Flanking the transmembrane hydrophobic region are often positively charged residues in the cytosol that can contribute to membrane binding by electrostatic force. These charged residues may be important for the targeting to the membrane surface via electrostatic interactions with the acidic phospholipids head groups [38] . In the Pf3 coat protein, negatively charged residues within the N-terminal region are necessary for translocation [57] .
Since biological membranes contain hundreds of different membrane proteins of which many are still unknown, it is difficult at this stage to give a definite answer to whether protein insertion in vivo occurs independent of any other protein. So far, only a few translocases were found to be directly involved in membrane insertion such as the Sec translocase and the YidC protein. Only a few membrane proteins have been tested for their dependence of all of these known components for functional membrane integration.
Translocation of hydrophilic loops
Model proteins have been used to systematically investigate the translocation of periplasmic loop regions. The first observation was that an extension of the periplasmic loop of M13 procoat by 174 residues converts the translocation mechanism from the Sec-independent to the Sec-pathway [60] . Detailed studies with the inverted leader peptidase (LPase) mutant revealed that the mechanism of insertion switched from Sec-independent to Sec-dependent when the length of the periplasmic region was systematically increased to 54 residues [61] . The membrane insertion of the inverted LPase with a periplasmic region of 25 residues was independent of SecA, but depended on SecE, as was discovered later [62] .
Generally, it can be concluded from these experiments that hydrophilic regions of 100 residues or more are Secdependent and require the SecA motor [63] . For short periplasmic loops the conclusions are less clear. Most of these proteins are Sec-independent, but some mutations which increase the number of charged residues [33] in the periplasmic region or increase the hydrophobicity [62] of the transmembrane region switch the protein to use the Sec pathway. To unravel the specific signals of how Sec components recognize their substrates, more work will have to be done.
Translocation of hydrophilic tails
The translocation of amino-terminal tails across the inner membrane of E. coli can be either dependent [64] or independent [31, 65] of the Sec translocase. For example, the E. coli inner membrane protein ProW contains seven transmembrane domains and a very long periplasmic tail of about 100 amino acids. To study the mechanism of membrane translocation of the N-tail of ProW, several truncated mutants of ProW were constructed. The translocation of a ProW derivative, comprising only of the N-tail and the first transmembrane segment followed by three C-terminal lysines (ProW Nt/TM1/3K), was shown to translocate independently of the Sec machinery [31, 66] . In accordance with the ''positive inside'' rule, translocation of the N-tail is only observed when the hydrophobic segment is flanked on its C-terminal side by positively charged residues [31] . The addition of just a few positively charged residues to the ProW N-tail prevents its translocation [31] . In contrast, when this construct (ProW Nt/TM1/3K) was extended at the C-terminus with the P2 domain of leader peptidase (ProW Nt/TM1/P2), the N-tail translocation depended on the Sec machinery [66] . The C-terminal lengthening of the construct by the P2 domain renders it Sec-dependent. The assembly of ProW Nt/TM1/P2 is strongly affected under SecA depletion conditions but is not sodium azide-dependent [67] . At present, the studies with the ProW N-tail translocation are still not complete enough to allow a defined conclusion of its translocation mechanism.
In contrast, the translocation of long C-terminal tails across the membrane always requires the Sec translocase. For example, Sec dependence has been found for the large ( f 250 residues) C-terminal periplasmic domain in LPase [43] , whereas translocation of the short N-terminal tail is Sec-independent [41] . Likewise, FtsQ, which harbors a long translocated domain, was shown to depend on Sec and YidC for proper assembly [53, 68] .
Topology determinants
An extensively studied protein is the leader peptidase (LPase) from E. coli, which spans the membrane twice with its small amino-terminal and large carboxyl-terminal domain in the periplasm. The translocation of the large carboxyl-terminal domain (the so-called P2 domain) across the inner membrane is dependent on the membrane electrochemical potential [69] , SecA and SecY [43] . In contrast, an LPase mutant (InvLep) that inserts with an inverted topology compared to the wild-type protein requires no SecA for integration [70] . InvLep differs from wild-type LPase in that the highly charged region (residues 30-52) has been deleted and four additional lysine residues have been inserted before the transmembrane domain 1. It reverses its topology only when the four extra positively charged lysines are attached to the amino-terminus [70] . These results support the ''positive inside'' rule of von Heijne, which states that positively charged residues act as topological determinants of the membrane protein by remaining in the cytosol [71, 72] . While positive charges are the major determinant of topology, negative charges can also have an effect. It was demonstrated that the insertion of six glutamic acid residues after the first transmembrane domain of LPase can partially interfere with the translocation [73] .
Interestingly, for Pf3 coat protein, when the charged residues flanking the hydrophobic region were converted into neutral or oppositely charged residues, it was the contribution of the negatively charged residues that was essential for membrane insertion [74] . The positively charged residues had only a minor and passive effect on the orientation of the protein.
In addition to the distribution of charged residues, the electrochemical membrane potential across the inner membrane may also play a role in the orientation of the membrane protein. For Pf3 coat protein, it was demonstrated that the negatively charged residues respond directly to the potential. When the membrane potential was dissipated, neither the wild type nor the inverted Pf3 mutant was inserted into the membrane [74] . Therefore, electrochemical membrane potential favors the membrane translocation of negatively charged residues and disfavors positively charged residues.
For the YidC-dependent Pf3 coat protein, it was shown that a mutant with a longer hydrophobic region inserts independent of YidC and independent of the electrochemical membrane potential [57, 75] . It was suggested that the ''hydrophobic effect'' of the transmembrane region might drive the insertion step. The primary driving force for this ''hydrophobic mechanism'' then depends on the length and/ or hydrophobicity of the transmembrane region.
Interesting results were obtained with lactose permease (LacY) that spans the membrane 12 times. The topology of the first six transmembrane helices was inverted in cells with reduced phosphatidylethanolamine (PE) in their membrane [76] . When the PE content was subsequently increased, a recovery of the normal topology was observed. This shows that the assembled LacY protein can reorient its topology and second, that the lipid composition of the bilayer can influence the topology of a membrane protein.
Multispanning membrane proteins
The membrane insertion of multispanning membrane proteins is a process of multiple translocation events where individual protein loop regions are individually inserted. This was clearly shown by studies with the leader peptidase from Gafvelin and von Heijne [77] . In a four-spanning model protein derived from two fragments of LPase, the translocation of each of the two loop regions was followed. Depending on the length of each loop region, the requirement for SecA was analyzed. The results clearly showed that within one protein, Sec-independent and Sec-dependent translocation can occur and that membrane insertion is not necessarily sequential in an N-to C-terminal direction. This was corroborated with Pf3-LPase [41] , where the N-terminal tail was translocated Sec-independent and occurred even without a transmembrane potential, in contrast to the translocation of the large C-terminal domain of LPase.
Most studies on multispanning membrane proteins made so far have focussed on the translocation of large domains [78, 79] . For other multispanning membrane proteins which do not exhibit large periplasmic loops, a Sec-independent insertion pathway has been proposed. An example of a protein that uses the Sec-independent insertion mechanism is the inner membrane protein KdpD of E. coli. It consists of a large cytoplasmic N-terminal domain, four closely spaced transmembrane domains, and an extended cytoplasmic Cterminal region. To analyse the translocation of the two small periplasmic regions of KdpD, short epitopes were introduced into these regions [80] . Interestingly, the first periplasmic loop of KdpD inserts efficiently into the inner membrane even after severe depletion of SecE. Likewise, the inactivation of SecA by azide [81] did not affect the membrane insertion, suggesting that KdpD is inserted SecA-independently. This is different to most other known membrane proteins that require at least the SecYEG translocase for membrane insertion. The lengthening of the second periplasmic loop of KdpD from 10 to 27 residues renders it SecE-and YidC-dependent, whereas extending the first periplasmic loop to 19 residues did not convert it to be SecE/YidC-dependent. The different requirements for KdpD insertion suggest that pairs of transmembrane helices are translocated together and that individual pairs may have different insertion requirements, depending on the length and charge of the connecting loops (Fig. 3) . Studies with two double-spanning proteins, the M13 procoat and the invLep, had shown that an increase in the size of the periplasmic loop renders Sec dependence [61, 82] . A possible explanation for this effect might be that the two hydrophobic regions are too far apart to still function together to translocate a loop and, consequently, translocation of the large hydrophilic region requires help from the translocase. This and other results have suggested that Secindependent insertion occurs by synergistic insertion of two neighboring hydrophobic domains into the membrane in a loop-like structure as a helical hairpin [60, 83] .
Mannitol permease (MtlA), a polytopic membrane protein that harbors short periplasmic loops, was shown to require SecYE for insertion in vitro, but is independent of SecA and SecG [84] . Using chemical and site-specific cross-linking in vitro, it has been demonstrated that the signal recognition particle (SRP) recognizes the hydrophobic signal anchor sequence of MtlA and cotranslationally targets the protein to SecY within the membrane [84] . SecA was found not to interact with MtlA [85, 86] . Although the majority of E. coli membrane proteins are targeted to the SecYE complex by SRP and its receptor, there are excep-tions. The single and double membrane spanning coat proteins of phage Pf3 and M13 were found to be SRPand SecYE-independent when expressed in E. coli. One possible explanation is that the hydrophobicity controls the interaction to SRP. Indeed, by increasing the hydrophobicity of its signal sequence, M13 was found to become SRPdependent [62] . In contrast to wild-type M13, the SRPdependent version of procoat did not insert independently but requires an active Sec translocase [62] .
Although lactose permease (LacY) represents one of the most extensively characterized transport proteins, it is not known exactly how this protein inserts into the membrane. Controversial results were obtained for LacY from different in vivo and in vitro techniques. Based on in vivo labelling and fractionation, LacY has been suggested to require SecY for its integration [87] . On the other hand, SecY independence of membrane insertion has been reported for this protein [88] . Likewise, LacY has been shown, both in vitro and in vivo, to insert independently of SecA into the plasma membrane of E. coli [79, 88] . Furthermore, it has been demonstrated that LacY membrane assembly occurs in vitro in the absence of an electrochemical membrane potential [89] . LacY appears to be inserted into the membrane cotranslationally utilizing the SRP pathway [79, 90] . Just very recently, it was reported that LacY inserts in YidC-depleted cells but YidC is involved in the correct folding of LacY into its tertiary conformation in the membrane [91] .
Interestingly, it has been demonstrated that if LacY is split into two separate fragments, the protein can reassemble into a functional protein when both fragments are coexpressed [92] . However, if the fragments were expressed individually, only the N-terminal fragments were inserted Fig. 3 . Model for the insertion mechanism of KdpD. KdpD is targeted to the inner membrane by the SRP pathway and inserts into the cytoplasmic membrane via a loop-like insertion mechanism. The bacterial SRP (Ffh protein and 4.5S RNA) binds to the hydrophobic region of the nascent chain of KdpD to form a ribosome -nascent chain -SRP complex. Subsequently, this complex interacts with the SRP receptor FtsY at the membrane surface. At the membrane surface the four hydrophobic helices of KdpD may partition into the bilayer. Thereby, the synergistic action of the a-helical segments helps in the transport of the hydrophilic loops across the cytoplasmic membrane. Integral membrane proteins that play a role in the insertion process of KdpD were not identified so far but whether KdpD in vivo inserts autonomously into the lipid bilayer is unclear.
into the membrane, with the C-terminal fragments being degraded.
Taken together, the diversity of pathways used for the different proteins to integrate into the membrane bilayer shows that there are specific differences in the cellular components required for translocation and insertion of each individual protein across and into the bacterial membrane. Table 2 summarizes the results for the model proteins discussed in this review. In E. coli, it appears that inner membrane protein targeting and insertion pathways consist of several modules (SRP, SecYEG, SecAYEG, SecDFYajC and YidC) [93] . Different combinations of these modules make up the critical components of the targeting and insertion pathways. It is very likely that not all these components are LacY À / + À À + [79, 87, 88, 91] n.d., not determined. À , no effect on inner membrane protein assembly. +, required for inner membrane protein assembly. À /+*, insertion is only slightly affected in vivo upon depletion of YidC whereas in vitro cross-linking experiments show binding to YidC, suggesting that it mediates insertion.
together in one permanent complex in the membrane, but they can interact with each other in a dynamic fashion to fulfill their function in the biosynthesis of membrane proteins. Up to now, the results are based on the analysis of only a subset of inner membrane proteins. Clearly, more inner membrane proteins with different topologies and complexities must be analyzed in order to fully understand the diversity of assembly pathways in bacteria.
